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Guidelines suggests that prediction equations work
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Recent European guidelines suggest using the kidney
failure risk equation (KFRE) and mortality risk equation for
kidney disease (MREK) to guide decisions on whether
elderly patients with chronic kidney disease should be
referred early for dialysis preparation. However, the
concurrent use of the two risk equations has not been
validated. To do so we evaluated 1,188 individuals over five
years with estimated glomerular filtration rate (eGFR) under
45ml/min/1.73m2 and age over 65 years from the
Norwegian population based HUNT study. Forty-two
patients started renal replacement therapy and 462 died as
their first clinical event. The KFRE was well calibrated (mean
risk estimate 4.9% vs observed 3.5%) with high diagnostic
accuracy (C-statistics 0.93). The MREK underestimated
death risk in those with lower risk (mean risk estimate
30.1% vs observed 38.9%) and had moderate diagnostic
accuracy (C-statistics 0.71). Only 31 individuals had
estimated end stage kidney disease (ESRD) risk greater
than death risk, and most experienced ESRD before death.
Only two of 598 patients over 80 years old, and ten of 1,063
with eGFR 25-45ml/min/1.73m2 at baseline experienced
ESRD. Decision curve analysis demonstrated that for risk
adverse patients, deferring ESRD preparation may be
appropriate until predicted ESRD risk exceeds predicted
death risk. For those preferring a more aggressive
approach, referral when eGFR is under 25 ml/min/1.73m2

may be beneficial if age remains under 80 years. Thus, the
risk of ESRD is low compared to the risk of death in many
older patients with chronic kidney disease stage 3b or
worse, and combination of predicted ESRD and death risks,
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eGFR levels, age, and the patient`s valuations of harm and
benefit can be helpful for deciding when to start dialysis
preparations.
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M anagement of older patients with chronic kidney
disease (CKD) is a common and challenging clinical
scenario driven by the competing risks of ESRD and

death. For the patient who will ultimately develop ESRD, early
referral to a nephrologist for preparation with interventions
such as placement of an arteriovenous fistula, a peritoneal
dialysis catheter, or transplant evaluation are likely to improve
clinical outcomes and life expectancy.1 On the other hand, for
the patient who will die before developing ESRD, the un-
warranted concerns about future ESRD and the costs and
risks associated with preparation for dialysis are unnecessary.
Prior studies suggest that, on average, the risk of death is
higher than the risk of ESRD in earlier stages of CKD, but in
practice, identifying risk in individual patients remains
difficult.2

A joint initiative of the European Renal Association–
European Dialysis Transplant Association (ERA–EDTA) and
the European Union Geriatric Medicine Society (EUGMS)
recently published a clinical practice guideline3 addressing the
clinical approach to patients aged >65 years with an
eGFR <45 ml/min per 1.73m2. These European Renal Best
Practice (ERBP) guidelines leveraged 2 prediction equations
that have been developed and validated for both ESRD (the
KFRE, developed by Tangri et al.4), and for mortality risk
(MREK, developed by our group5) in CKD patients. The
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guidelines recommend an algorithm in which both equations
are applied concurrently to the same patient. If the risk for
ESRD is estimated to be high, the mortality risk is low, and
the patient is not frail, the algorithm suggests shared decision-
making, pre-dialysis counseling, and modality selection. On
the other hand, if the competing risk of death is estimated to
be high, the guidelines advocate not stressing the risk of ESRD
or potential future need for renal replacement therapy, and
instead focusing primarily on advanced care planning.
However, the ERBP guidelines do not specify how frailty
should be assessed, and formal frailty scores are so hetero-
geneous that results based on different scoring systems cannot
be compared or pooled.6 Furthermore, what constitutes high
risk for either outcome is not defined by the guidelines. For
example, one patient may consider preparation for ESRD to
be justified only if their risk of ESRD is higher than their risk
of death. Another might consider it reasonable to begin
preparations for ESRD when the risk is only 20% as great as
the risk of death. Currently, very few studies or guidelines
provide guidance on these factors, although referral to a
nephrologist has been suggested for a 5-year ESRD risk of
>5%–10% and renal replacement preparation for a 1-year
ESRD risk of 10%–20%.1,7 Comparable risk thresholds for
mortality risk, and how to incorporate mortality risk at any
given risk level of ESRD, have not been addressed.

Aside from the issue of defining high risk, use of the 2
prediction equations concurrently in the same individual has
never been tested. The KFRE and MREK were developed and
validated in different study populations, so it is not known
whether they are well calibrated in the same populations. For
example, in developing and validating the MREK, we evalu-
ated4 patients with a higher eGFR than those proposed in the
ERBP guideline (mean eGFR 48 ml/min per 1.73 m2).
Furthermore, shared decision-making and including the pa-
tient perspective are important, but not well studied, in the
elderly CKD patient approaching the life-changing decisions
of ESRD treatments.8,9

Our purposes for this analysis were several. First, we
sought to validate the performance of the 2 equations indi-
vidually in older persons with CKD stage 3b or worse. Sec-
ond, in an effort to simulate the clinical scenarios in
individual patients, we sought to employ both equations in
the same population concurrently to determine how risk of
death and ESRD compare with one another in a European
cohort of older patients with eGFR <45 ml/min per 1.73 m2,
as suggested by ERBP guidelines. Finally, we sought to eval-
uate the clinical impact of nephrologist referral algorithms
suggested in these and other guidelines, while incorporating a
gradient of possible patient valuations of risk and benefits.

RESULTS
Study population characteristics
Among 78,960 participants from the general population-
based Nord-Trøndelag Health Study (HUNT; Norway)-2
and HUNT-3 studies, 23,880 subjects were aged $65 years.
Among these, 1188 (5.0%) had an eGFR of <45 ml/min per
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1.73 m2 and constituted the study sample for this analysis
(Figure 1). Their mean age was 80 years (SD: 7); their mean
eGFR was 36 ml/min per 1.73 m2 (SD: 8); 57% were female;
17% had diabetes; and 4% had an albumin–creatinine ratio of
>30 mg/mmol (SD: 300 mg/g). Additional study population
characteristics are summarized in Table 1, while baseline
characteristics by first future outcome (none, ESRD, or death)
are depicted in Supplementary Table S1.

External validation of the 2 prediction equations in older
Europeans with eGFR <45 ml/min per 1.73 m2

Overall, the agreement between observed rates of end points
relative to the predicted rates was good for both equations
(see Supplementary Excel Calculator for the concurrent pre-
diction of mortality and kidney failure risk). The mean 5-year
ESRD risk based on the KFRE was 4.9%, and the observed
rate was 3.5% (n ¼ 42) over the 5-year observation period.
The mean mortality risk by the MREK was 30.1%, and the
observed death rate was 38.9% (n ¼ 462; Table 2). Logistic
regression of outcomes on individual predicted risks indicated
that both the KFRE and MREK were well calibrated on
average (regression intercepts 0.28 (P ¼ 0.28) and 0.17 (P ¼
0.08), respectively), but calibration slopes were not equal,
although close, to 1.0 (1.3 and 0.8, P < 0.01 for both).
However, visual inspection of outcome versus mean predicted
risk by 5 predefined risk categories indicated that the cali-
bration slope was not linear (Figure 2). A nonlinear regression
showed that the MREK slightly underestimated mortality risk
in the lower range, while the KFRE was very well calibrated
but with wider confidence intervals, likely due to the lower
number of ESRD cases relative to deaths. The 2 equations
explained 33% and 10%, respectively, of the variation in the 2
outcomes, based on R2. The ability to discriminate between
an elderly CKD patient with a future ESRD event and a pa-
tient without an ESRD event was excellent for the KFRE (area
under the receiver operating curve: 0.93). The MREK per-
formed moderately well for death prediction, with an area
under the receiver operating curve of 0.71, that is, being able
to correctly classify 71 of 100 pairs of cases and controls
(Table 2). The performance of these equations was similar
when evaluated in the subset of 241 individuals with baseline
eGFR <30 ml/min per 1.73 m2 (KFRE 0.87 [95% confidence
interval 0.80–0.94] and MREK 0.75 [95% confidence interval
0.68–0.82]). Kaplan-Meier survival plots showed super-
imposed survival lines for quartiles 1–3 for the KFRE
regarding ESRD risk, and higher risk in quartile 4 (log-rank
test for quartile 3 vs. quartile 4 ¼ 0.0002; Supplementary
Figure S1). For the MREK, each quartile of mortality risk
clearly separated the elderly CKD patients (log-rank
test <0.05 for all comparisons).

Performance of jointly employed ESRD and mortality-risk
equations in elderly Europeans with an eGFR <45 ml/min per
1.73 m2

Figure 3 depicts the association between the predicted ESRD
and mortality risks in elderly CKD patients by either
729
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Figure 1 | Study design showing selection of study participants and an overview of the European Renal Best Practice (ERBP)
guidelines for older chronic kidney disease (CKD) stage 3BD patients. AVF, arteriovenous fistula; eGFR, estimated glomerular filtration
rate; ESRD, end-stage renal disease; HUNT, Nord-Trøndelag Health Study, Norway; PD, peritoneal dialysis; TX, transplant.
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prediction equation, and uses color-coding for the first
observed actual clinical event during follow-up. On average,
the 5-year mortality risk was approximately 10-fold higher
than the ESRD risk (interquartile range: 0.16–0.40 vs. 0.01–
0.04). Although very few individuals had predicted ESRD risk
> mortality-risk estimates (datapoints above the line of
identity, n ¼ 31 [2.6%]), ESRD was the first clinical event for
the majority in this group: 19 (61%) experienced ESRD
before death, 5 (16%) died without ESRD, and 7 (23%)
experienced neither event. Clinical characteristics for those
with ESRD risk > mortality risk and vice versa are displayed
in Table 3 by their first event. Participants with predicted
ESRD > mortality risk who ultimately developed ESRD were
more frequently male, had very low baseline eGFR, had
higher blood pressure, and were more frequently receiving
antihypertensive medications.

Implications of implementation of the ERBP guidelines and
other referral algorithms
A partial least-squares–discriminant analysis identified age,
body mass index, self-reported health status, systolic blood
pressure, and eGFR as the most important baseline charac-
teristics for discriminating between future ESRD, death, and
event-free survival (Supplementary Figure S2). Given that age,
eGFR, and general health are also used to define the
730
population for the current ERBP guidelines, we displayed
outcomes by these variables (Figure 4). The fraction experi-
encing ESRD before death decreased substantially with older
age. Among the subset aged $80 years, only 2 of 598 expe-
rienced ESRD over the next 5 years. Both ESRD and mortality
increased in individuals with lower baseline eGFR categories.
However, ESRD was much less frequent than death in all
eGFR categories, except for those with eGFR <15 ml/min per
1.73 m2 at baseline, of whom approximately two thirds
experienced ESRD before death. As expected, the mortality
risk was higher at lower levels of self-reported health at
baseline, but a large proportion of those who ultimately
experienced ESRD before death were among those who re-
ported poor health at baseline.

Finally, we used decision curve analysis to evaluate the
clinical utility of implementing different algorithms that might
be used to initiate preparation for dialysis by early referral to a
nephrologist (Figure 5). Higher numbers on the y-axis suggest
greater net benefit, and the patient`s perception of the
harm:benefit ratio associated with referral is depicted across
the x-axis. The best referral algorithm is represented by the
highest level on the y-axis at any level of the x-axis in
Figure 5. In this analysis, “benefit” comes from timely prep-
aration for renal replacement therapy in those who ultimately
experience ESRD as their first event, and “harm” comes from
Kidney International (2019) 96, 728–737



Table 1 | Baseline characteristics of study participants

Characteristic
Total population
(n [ 78,960)

Elderly chronic kidney
disease patients

(n [ 1188)

Male 46.8 43.2
Age (yr) 53.7 (17.8) 79.9 (6.8)
Higher education 18.2 6.2
General health

”Poor” (Frail) 2.0 7.2
”Not so good” 27.2 56.9
“Good” 56.1 34.2
“Very good” 14.8 1.7

Diabetes 5.0 17.2
Myocardial infarction 4.2 22.8
Stroke 2.9 12.4
Heart failure 1.5 14.7
Smoker

Never 46.4 53.0
Former 28.3 33.0
Current 25.3 14.0

Physically inactive 64.5 92.1
BP medication 20.2 67.1
Systolic BP (mm Hg) 134.8 (21.6) 147.3 (27.5)
Diastolic BP (mm Hg) 76.3 (12.7) 77.2 (16.2)
Body mass index (kg/m2) 27.0 (4.4) 28.0 (4.5)
eGFR (ml/min per 1.73 m2) 94.8 (20.3) 35.8 (7.8)
Stage (ml/min per 1.73 m2)

G3a (45–59) 4.2 Not included
G3b (30–44) 1.3 79.7
G4 (15–29) 0.3 18.3
G5 (<15) 0.04 2.0
ACR (mg/mmol) 1.9 (4.2) 7.1 (18.7)

Stage (mg/mmol)
A2 (3–29) 8.9 53.0
A3 ($30) 0.3 4.2

ACR, urine albumin–creatinine ratio; BMI, body mass index; BP, blood pressure; eGFR,
estimated glomerular filtration rate.
Data are mean (1 SD) or percentage.

Table 2 | External validation of Kidney Failure Risk Equation
(KFRE) and Mortality Risk Equation for Kidney Disease (MREK)
in the subset of the HUNT population aged >65 years and
with eGFR <45 ml/min per 1.73 m2 at inception

Performance of risk prediction
5-year ESRD risk
(observed, 3.5%)

5-year mortality
risk (observed,

38.9%)

Risk equation KFRE MREK
Calibration
Mean predicted risk (%) 4.9 30.1
Calibration curve intercept 0.28 (P ¼ 0.38) 0.17 (P ¼ 0.08)
Calibration curve slope 1.30 (P ¼ 0.001) 0.84 (P ¼ 0.001)
Hosmer-Lemeshow test 14.0 (P ¼ 0.08) 5.2 (P ¼ 0.74)

Discrimination
Area under ROC curve 0.926 0.711

Overall goodness-of-fit
Pseudo R2 0.333 0.102

Clinical usefulness (%)
Sensitivity 28.6 33.2
Specificity 99.5 89.4

eGFR, estimated glomerular filtration rate; ESRD, end-stage renal disease; HUNT,
Nord-Trøndelag Health Study in Norway; ROC, receiver operating curve.
For good calibration, the calibration curve intercept should be close to 0.0 (indi-
cating average calibration), and the slope should be close to 1.0. Hosmer-Lemeshow
tests whether there is evidence that the model is not well calibrated (i.e., P values
closer to 1.0 indicating better calibration). ROC describes discrimination (i.e., ability
to differentiate a patient with a future outcome from a patient without the outcome
of interest). Pseudo R2 describes the goodness-of-fit for the model (i.e., explained
variability). Sensitivity is the probability of a case testing positive. Specificity is the
probability of a control testing negative (cutoff for probability of disease $0.50 for
positive test).
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the same interventions among those who experience death as
their first event. An elderly CKD patient might believe that
both substantial harms and benefits are associated with early
referral (e.g., a harm:benefit ratio of 2:3). Such a patient
would benefit from referral only if the predicted ESRD risk is
higher than the mortality risk (blue line in Figure 5). How-
ever, some patients might wish to be more aggressive with
their care if they believe that early referral is more advanta-
geous (i.e., they have a lower harm:benefit ratio). Presuming a
harm:benefit ratio of 1:4, this individual should be referred
when their eGFR is <25 ml/min per 1.73 m2 if age
remains <80 years (i.e., the green line in Figure 5).

In this analysis, the ERBP guideline recommendation of
referring those with “ESRD risk > mortality risk and not being
frail” (thick red line) was never the best alternative in this
model. The current Kidney Disease: Improving Global Out-
comes (KDIGO) recommendation of referring individuals with
a 5-year ESRD risk >50% (1-year >10%) (orange line in
Figure 5) would be appropriate for only those seeking a con-
servative treatment plan (considering harm:benefit ratio worse
than 1:1). We also tested other alternative referral algorithms
derived by visual inspection of Figure 3 and clinical experience:
ESRD risk higher than a specific fraction of the mortality risk
Kidney International (2019) 96, 728–737
(0.10/0.25/0.33/0.50 � mortality risk), or ESRD risk higher
than a specific cutoff (5%/10%/20%). However, these algo-
rithms were never the best choice, irrespective of the harm:-
benefit ratio (see Supplementary Figures S3 and S4).

Next, we performed sensitivity analyses to evaluate the
impact of different ESRD risks; that is, inflating the ESRD risk
3-fold. The accuracy/performance of the risk equations are
not influenced by the disease prevalence, but the competing
mortality risk would be less overwhelming in those aged 65–
80 years. In these analyses, the decision curve analysis (DCA)
results were very similar to our primary analyses, but with
higher net benefit and lines shifted to the right. This means
that with a higher ESRD incidence, referral of those with an
eGFR <25 and age <80 years still appeared to be the best
option over an even wider range of harm:risk ratios. (See
Supplementary Figures S5 and S6.) Overfitting can be a
problem in DCA, but an analysis based on one hundred 10-
fold cross-validations gave very similar results.
DISCUSSION
In a European cohort of 1188 individuals aged $65 years and
with an eGFR <45 ml/min per 1.73 m2 at inception, we eval-
uated the performance of 2 prediction equations recommended
by the ERBP guidelines for evaluating competing risk of ESRD
and death. The equations performed well overall. When
deployed concurrently, only 2.6% had a predicted risk of ESRD
higher than their risk of death over 5 years. However, among
this high-risk subset, most experienced ESRD rather than death
during follow-up. These findings have clinical implications for
731



Figure 2 | Predicted versus observed 5-year risk of end-stage renal disease (ESRD) (a) and death (b), using the Kidney Failure Risk
Equation and the Mortality Risk Equation for Kidney Disease, respectively, in elderly chronic kidney disease patients. White dots
indicate observed versus mean predicted risk, by risk category (0.0%–4.9%, 5.0%–14.9%, 15%–24.9%, 25.0%–49.9%, and 50.0%–100.0%).
Function is a nonlinear regression of outcome on predicted risk; 80% and 95% confidence intervals for the risk estimate are different
from the line of perfect fit (the 45

�
diagonal).
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guiding shared decision-making between patients and pro-
viders, and potentially in shaping public policy.

The American Geriatrics Association set forward guiding
principles for treatment of older patients: (i) assess patient
preferences; (ii) interpret the available evidence; (iii) estimate
prognosis; (iv) consider treatment feasibility; and (v) opti-
mize therapies and care plans.10 The new ERBP guidelines
address several of these topics, but they also recognized
several important gaps in available data. Our study addresses
several of these. First, the disease burden, as well as the
burden of treatment, including preparations like vascular
access creation,11 is high for patients with CKD stage 3b or
worse,12 and studies have previously demonstrated that ne-
phrologists unfortunately have limited knowledge of their
patients’ priorities.13 We utilized DCA to illustrate how
different patient preferences may influence the appropriate
Figure 3 | Distribution of end-stage renal disease (ESRD) and
mortality risk estimates in elderly chronic kidney disease
patients with color codes for first future outcome.

732
timing of referral to a nephrologist in the HUNT population.
Second, our study generally validated the performance of
both prediction equations in elderly patients with an
eGFR <45 ml/min per 1.73 m2. This validation is particularly
important for the MREK because it had been developed and
validated in US populations with higher baseline eGFR.
Third, no prior study, to our knowledge, has evaluated uti-
lization of both equations concurrently to test how the
approach advocated by the ERBP guidelines might perform
when used in clinical practice. Our findings quantify that the
mortality risk is much higher than the ESRD risk in older
community-living persons (10:1), despite an eGFR of <45
ml/min per 1.73 m2 at baseline, a finding consistent with
results of other studies.14 Finally, our study evaluates the
implications of nephrologist referral. The DCA analysis gives
examples of how referral algorithms might differ by patient
preferences, suggesting that patients should be referred to
nephrologists based on various criteria, using ESRD and
mortality-risk estimates, eGFR levels, and age, layered onto
patient preferences regarding perceived benefits and harms.

The KFRE was developed in CKD clinic populations, and
not in older community-living populations per se.5 It has,
however, been validated in a meta-analysis of 31 different
cohorts.15 The equation achieved excellent 5-year discrimi-
nation (C statistic 0.88; 95% confidence interval, 0.86–0.90),
and discrimination was similar by age groups (<65 vs. $65
years). Calibration was also very good in European cohorts.
The ERBP guidelines recommended that the KFRE should
also be validated in elderly populations with an eGFR <45
ml/min per 1.73 m2, which is accomplished by our study. We
found that the KFRE equation performed well among those
with lower kidney function, and that the C-statistic and
calibration were similar to those in prior studies.15

The MREK equation was developed and validated in
elderly populations in the US with only moderate CKD
Kidney International (2019) 96, 728–737



Table 3 | Characteristics of participants with higher end-stage
renal disease (ESRD) risk versus participants with higher
mortality risk, and by the first clinical event experienced
during follow-up

Characteristic

Predicted ESRD
risk > predicted
mortality risk
(n [ 31)

Predicted mortality
risk > predicted

ESRD risk
(n [ 1157)

ESRD first
(n [ 19)

Death first
(n [ 5)

Death first
(n [ 339)

ESRD first
(n [ 20)

Male 68.4 40.0 55.5 65.0
Age (yr) 72.3 73.5 82.2 74.2
Higher education 21.1 0.0 7.1 5.0
General health

“Poor” 16.7 20.0 10.0 5.3
“Not so good” 55.6 80.0 63.8 79.0
“Good” 27.8 0.0 26.0 15.8
“Very good” 0.0 0.0 0.3 0.0

Diabetes 10.5 0.0 22.1 25.0
Myocardial infarction 26.3 0.0 29.8 15.0
Stroke 0.0 20.0 14.5 10.0
Heart failure 5.2 20.0 23.3 15.0
Smoker

Never 36.8 60.0 48.4 30.0
Former 42.1 40.0 41.3 45.0
Current 21.1 0.0 10.3 25.0

Physically inactive 94.7 100.0 93.1 94.1
BP medication 84.2 80.0 61.1 75.0
Systolic BP (mm Hg) 149.8 140.6 144.7 147.6
Diastolic BP (mm Hg) 82.6 74.1 75.8 82.3
Body mass index (kg/m2) 26.2 25.5 27.1 28.0
eGFR (ml/min per 1.73 m2) 12.9 18.1 35.1 26.9
ACR (mg/mmol) 29.0 31.2 8.3 13.2
Predicted ESRD risk 47.9 33.8 4.5 12.7
Predicted mortality risk 23.7 22.9 40.0 29.0

ACR, albumin–creatinine ratio; BP, blood pressure; eGFR, estimated glomerular
filtration rate.
Values are % unless otherwise indicated.
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(eGFR 47 � 11 ml/min per 1.73 m2 and eGFR 50 � 9 ml/min
per 1.73 m2 in the development and validation cohorts,
respectively). The ERBP guidelines called for additional
research to validate its performance in elderly patients with
CKD stage 3b or worse.3 We found identical discrimination
(C statistic 0.722) relative to its validation in prior studies,
despite evaluating a cohort with more advanced CKD (mean
eGFR 36 � 8 ml/min per 1.73 m2). However, the MREK
equation underestimated the mortality risk in the lower
range, and this suboptimal calibration likely reflects its
implementation in a population with lower baseline eGFR
than that in which it was developed.

In clinical practice, if an older individual with CKD is at
high risk of ESRD, and both the patient and provider agree
that dialysis or transplantation would be in the patient’s best
interest, preparation for dialysis should be started in due time.
Interventions might include placement of an arteriovenous
fistula, which requires a surgical procedure and is not without
risk. Should an older patient’s risk of mortality be substan-
tially higher than the risk of ESRD, avoidance of these pro-
cedures could spare the patient the financial, psychological,
and physical costs associated with intensified nephrology care
and ESRD preparation. Instead, clinical efforts to maximize
Kidney International (2019) 96, 728–737
functional status would be higher priority. The risk threshold
at which ESRD planning should be initiated will differ for
individual patients, practices, countries, and economies.
However, as an example in our community-living Norwegian
population, the vast majority of elderly persons with CKD
had a higher 5-year mortality risk than ESRD risk. Initiating
dialysis planning if 1-year ESRD risk is >10%, as suggested by
Kidney Disease: Improving Global Outcomes may not be
appropriate, except for patients who prefer the most conser-
vative dialysis planning regimen. In our clinical experience,
many elderly patients prefer a more aggressive approach
(harm:benefit ratio better than 1:1), and referral when esti-
mated ESRD > mortality risk or when eGFR <25 in
patients <80 years old appeared to be the best algorithms.
Results were similar in sensitivity analyses in which the ESRD
incidence rate was inflated 3-fold. A rough estimate of the
patient’s perception of harm versus benefit can be elicited
through an ordinary consultation or by using more formal
techniques.16 However, our study evaluated community-
living individuals, and we recognize that risk of both ESRD
and death may be higher in referral populations. Additional
studies are required to evaluate DCA analyses in other
settings.

Strengths of our study include the large sample size of the
HUNT study, which allowed us to define a sufficiently large
subset aged $65 years with eGFR <45 ml/min per 1.73 m2 at
baseline in order to test the recommendations put forward by
ERBP. We also tested the implementation of these 2 risk
equations concurrently for the first time. However, we only
studied white Europeans, which limits the generalizability of
our results to other ethnic groups. We note that the Norwe-
gian mortality, morbidity, health care expenditure, accessi-
bility, and dialysis treatment indications are all comparable to
other European countries such as the United Kingdom,
France, and Greece, and to some extent to the US
(Supplementary Table S1). Future studies should be con-
ducted in these settings to determine if the results generalize.
Regions with a higher ESRD incidence will have somewhat
reduced competing mortality risk, but sensitivity analysis
showed that our main findings remained robust. By using
DCA, we evaluated various referral algorithms over a wide
range of harm-to-benefit ratios. We believe such analyses may
be useful to patients and providers to develop individualized
treatment approaches that can accommodate differences in
patient preferences. Heart failure, which is part of the MREK
equation, was not assessed in the HUNT-2, but we imputed
this variable based on information from HUNT-3 partici-
pants. Most agree that modern imputation techniques
improve precision and avoid selection bias,17 especially when
the imputations are based on information from tens of
thousands of subjects having the actual variable directly
measured, as was done here,18,19 but we acknowledge the
limitation of missing data. We may also have missed some
kidney failure events in patients who were not offered dialysis
or who chose conservative care (7%–16%),20 and we did not
assess frailty with a standard score.
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Figure 4 | Fraction by first event (end-stage renal disease [ESRD], death, or none) versus age categories (a), estimated glomerular
filtration rate (eGFR) categories (b), and self-reported health categories (c).
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In summary, the kidney failure and mortality risk equa-
tions put forward for concurrent use on older patients with
an eGFR <45 ml/min per 1.73 m2, by the ERBP guidelines
(see Supplementary Excel Calculator), performed reasonably
well in a large community-living population in Norway.
Despite the low eGFR at baseline, the risk of death was more
than 10-fold the risk of ESRD, on average. In clinical practice,
our findings may assist clinicians as they decide which pa-
tients to refer for dialysis preparation, and which to manage
without referral. In particular, in our study, the ERBP algo-
rithm recommendation—that patients with “ESRD risk >
mortality risk and not being frail” should be referred for
dialysis preparation— did not appear to be the optimal
referral algorithm, regardless of patient perspectives on harms
and benefits. Overall, patients under the age of 80 years who
seek a more aggressive mode of care should be referred when
eGFR is < 25 ml/min per 1.73 m2, and patients who prefer a
more conservative mode should be referred based on ESRD
versus mortality risk estimates. Our data may assist clinicians in
communicating these trade-offs to their patients. The data may
also assist public policy makers to avoid unnecessary costs, and
simultaneously allow intensification of resources for patients
734
who are at highest risk for ESRD. Overall, deploying both risk
prediction equations concurrently in elderly Europeans with
CKD stage 3b or greater led to good performance, but referral
for dialysis preparation should also be based on consideration of
eGFR, age, and the patient`s own perceptions of the trade-offs
between potential harms and benefits.

METHODS
Study design and participants
The Nord-Trøndelag Health Study (HUNT) is a large general health
study inviting all residents of Nord-Trøndelag County, Norway, to
study visits every 10 years.21 The county has a population of
w130,000 residents (>97% white), and is representative of Norway
in regard to demographics, income, mortality, and morbidity,
including ESRD risk. Furthermore, relevant aspects of Norwegian
health care in general and kidney medicine in particular are not
substantially different from that in the rest of Europe and the US
(Supplementary Table S2S1–S5). Each survey comprised an extensive
questionnaire on medical history and risk factors, and a clinical
examination. We included subjects who had participated in either
the HUNT-2 (1995–1997) or HUNT-3 (2006–2008) visits who were
aged >65 years and had an eGFR <45 ml/min per 1.73 m2. The
Norwegian Death Registry is 100% complete for vital status and 98%
Kidney International (2019) 96, 728–737



Figure 5 | Clinical utility of nephrology referral algorithms
relative to patients’ valuation of harm versus benefit. The
European Renal Best Practice guideline algorithm (if “ESRD [end-
stage renal disease] risk > mortality risk and not frail”) is
represented by the thick red line. In this modified decision curve
analysis, utility (also known as net benefit) is the benefit minus the
harm for the total group, adjusted for the individual patient’s
perception of the trade-off between harm and benefit (utility ¼
[true positives/N] – [false positives/N] � harm:benefit ratio). Utility
is expressed as a percentage of the maximal possible utility (i.e.,
divided by the prevalence of ESRD [0.035]). The maximum
theoretical utility (100%) will, therefore, occur with a referral
algorithm that selects all future ESRD cases (48/1188 ¼ 0.035) and
with a patient who feels that the harm:benefit ratio is very
advantageous (e.g., 1:100), meaning that the negative impacts of
referring patients, even if they are false positives for eventual risk of
ESRD, is close to zero. For example, if the patient and provider both
feel that the harm:benefit ratio is 1:4, the best option will be to refer
the patient when estimated glomerular filtration rate (eGFR) is <25
and age is <80 years (green line), which will give a clinical utility of
48% of the maximum given current prevalence. If the harm:benefit
ratio is 1:1, then referral when the predicted ESRD risk is greater
than the predicted mortality risk would provide maximum clinical
utility. p, probability.
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for cause of death,22 and each HUNT participant was linked to
central registries utilizing the unique 11-digit identification number
given to all Norwegian citizens at birth. Follow-up time was censored
at 5 years, as both prediction equations were designed to estimate 5-
year risk. Figure 1 depicts the study design and sampling for this
study.

Definition of variables
Preexisting cardiovascular disease was defined as a physician’s diag-
nosis of prior myocardial infarction, stroke, or heart failure. Par-
ticipants provided information on general health status, educational
level, and smoking history by questionnaire. The frequency, dura-
tion, and intensity of physical activity were reported, and individuals
with <1 hour of light exercise per week were classified as inactive.
Diabetes was defined by physician diagnosis or glucose >200 mg/dl.
Blood pressure was measured 3 times after $5 minutes of rest, and
the mean of the second and third measurement was reported. Sys-
tolic blood pressure >140 mm Hg, diastolic blood pressure >90
mm Hg, or use of antihypertensive medications defined
Kidney International (2019) 96, 728–737
hypertension. Glomerular filtration rate was estimated (eGFR) using
the Chronic Kidney Disease–Epidemiology Collaboration (CKD-
EPI) equation based on standardized serum creatinine values.23

Urine albumin was measured with the immuno-turbidimetric
method, and indexed to urine creatinine (albumin–creatinine ra-
tio).24 Frailty was not formally assessed at the HUNT examinations,
so we used a self-reported 4-level general health score as a proxy
(“How is your general health lately?”—Poor/Not so good/Good/Very
good).25 We defined those reporting “Poor” general health as frail.
ESRD was defined as initiation of dialysis or receiving a kidney
transplant; treatment options were only those provided by the
government-funded health care system requiring mandatory
reporting to the Norwegian Renal Registry.

The proportion of missing data in HUNT was very low for most
variables included in this study (1%–2%), and moderate for self-
reported lifestyle variables (smoking 7% and physical activity
17%). Data on prevalent heart failure were not obtained in HUNT-2,
and albumin–creatinine ratio measurements in 3 urine samples were
done only in patients with diabetes or hypertension, or a 5% random
subsample, that is, these data were missing by design for 35% and
85% of participants. We used multiple imputation with chained
equations, creating 20 datasets of the HUNT database, a technique
well suited for imputation of such large proportions of missing data
because our data were “missing at random” and we had a very high
number of complete cases available for analysis (>5–10,000 for all
variables).18,19,26,27 Missing data were predicted with relevant
multivariate regression analyses using available information from
individuals with non-missing data. Datasets were then combined
according to Rubin’s rules and used in standard statistical analysis.

Prediction of death and ESRD
We predicted 5-year risk for ESRD and death using the KFRE and
MREK equations, respectively.4,5 The KFRE was initially developed
and validated in 2 Canadian CKD clinic cohorts, but it was later
validated in 750,000 patients with eGFR <60 ml/min per 1.73 m2

from more than 30 countries (including Norway) and with similar
results in subgroups by age, race, and diabetes status.15 The MREK
was developed in a subset of 828 participants in the Cardiovascular
Health Study in the US who were selected based on being aged >65
years and having an eGFR of <60 ml/min per 1.73 m2. The MREK
was externally validated in 789 US individuals from the Health,
Aging, and Body Composition study who had identical age and
eGFR inclusion criteria.28 In HUNT, we substituted “White” for race
in the mortality prediction model for all participants, and we used
the KFRE coefficients for “Non-American.”

Statistical analysis
We used mean (1 SD) and percentages for descriptive analysis. We
identified HUNT participants who experienced ESRD before death
and compared them to participants who died before ESRD, as well as
to those not experiencing either end point over 5 years. Each
equation was individually validated using receiver operating curve
analysis (C-statistics) for discrimination. Calibration curves evalu-
ated observed rates across 5 categories of predicted risk (0%–4%,
5%–14%, 15%–24%, 25%–49%, 50%–100%) to visually depict
calibration.15 We also used logistic regression and polynomial
functions where intercept and beta-coefficients can be used to test if
calibration deviates from perfect calibration.29,30 We used partial
least squares–discriminant analysis to sharpen separation between
groups and to understand which variables carried most of the class-
separating information.31 In line with recent recommendations on
735
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reporting prediction models,32 we used DCA to evaluate the clinical
impact of various early nephrologist referral algorithms using the
KFRE and MREK, as well as other suggested criteria.33,34 DCA is a
statistical method that evaluates whether a referral algorithm is
useful in supporting clinical decisions, and which of the models leads
to the best decisions. Early referral implies extra testing and treat-
ment to prepare for dialysis or transplantation. The likely alternative
is continued care in general practice and referral when there is a clear
indication to start dialysis. DCA describes the relationship between
disease prevalence, predictive characteristics of the test (e.g., a
referral algorithm), and costs and benefits of the intervention. Only
the effects of false-positive and false-negative results are evaluated, as
costs of true decisions are assumed to be null (i.e., a “misclassifica-
tion-cost” term).35 Net Benefit (clinical utility) ¼ (true positives/N)
– (false positives/N) � (Pt/1-Pt), where Pt (probability threshold) is
the level of diagnostic certainty above which the patients would
choose to have the intervention. The (Pt/1-Pt) factor is equivalent to
the harm:benefit ratio, that is, a factor used to incorporate the pa-
tient’s perception of harms and benefits associated with early referral
to a nephrologist. No specific harm:benefit ratio is assumed for in-
dividual patients, rather the DCA visulalizes the clinical utility of all
referral algorithms of the full range of harm:benefit ratios, because
different individuals have different risk thresholds.

Statistical analyses were performed using Stata 14.0 (Stata Corp.,
College Station, TX). All participants gave informed consent,
including linkage to central national registries. The HUNT study was
approved by the Regional Committee for Medical Research Ethics,
the Norwegian Data Inspectorate, and the Ministry of Health.
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SUPPLEMENTARY MATERIAL
Figure S1. Kaplan-Meier plots displaying end-stage renal disease
(ERSD)-free survival and overall survival in elderly chronic kidney
disease patients. CI, confidence interval.
Figure S2. Partial least squares–discriminant analysis (PLS-DA) used
to pick the most important variables for discriminating among out-
comes. PLS-DA is a versatile algorithm that can be used for predictive
and descriptive modelling, as well as discriminative variable selection,
and it is especially useful for models with many predictors and with
multi-collinearity. The PLS-DA decomposes both the X and Y data (i.e.,
a “supervised” method) into a set of scores and loadings in order to
maximize the correlation between the scores for both the X and Y
variables (i.e., not selected based on the direction of maximum vari-
ation as in principal components analysis). The analysis provides
several statistics, such as loading weight, variable importance on
projection (VIP), and a regression coefficient, which can be used to
choose the most important discriminatory variables. PLS-DA com-
ponents also enable a good graphical representation of the partition.
ACR, albumin–creatinine ratio; BMI, body mass index; BP, blood
pressure; DBP, diastolic blood pressure; eGFR, estimated glomerular
filtration rate; Gen., general; SBP, systolic blood pressure.
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Figure S3. Decision curve analysis comparing the major referral
algorithms from the Results section (colored lines) with referral when
5-year end-stage renal disease (ESRD) risk is higher than a fraction
(0.10, 0.25, 0.33, and 0.50) of the mortality risk (black lines). eGFR,
estimated glomerular filtration rate.
Figure S4. Decision curve analysis comparing the major referral
algorithms from the Results section (colored lines) with referral when
5-year end-stage renal disease (ESRD) risk is higher than a specific
cutoff (5%, 10%, 20%, or 50%; black lines). eGFR, estimated glomer-
ular filtration rate.
Figure S5. Fraction by first event (none [0; green], end-stage renal
disease [ESRD; 1; red], or death [2; blue]) versus fractions by age
categories (agekat; A), and eGFR categories (gfrkat; B) in a population
with 3-fold higher ESRD risk compared with Norway.
Figure S6. Decision curve analysis for different referral algorithms in a
population with 3-fold higher end-stage renal disease (ESRD) risk
compared with Norway. eGFR, estimated glomerular filtration rate; p,
probability.
Table S1. Baseline characteristics including predicted risk in patients
by first-experienced future outcomes.
Table S2. Information on population mortality and morbidity, health
care availability, and organization, tradition for when to start/offer
renal replacement therapy in Norway versus other European
countries and the US.
Supplementary Excel Calculator. A calculator for both the KFRE and
MREK.
Supplementary material is linked to the online version of the paper at
www.kidney-international.org.
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